Introduction
A FUNDAMENTAL QUESTION in molecular biology is how proteins fold into domains that can serve as assembly modules for building up larger macromolecular structures. The biogenesis of large fibrous organelles, called pili, on the surface of Gram-negative bacteria requires the orchestration of a complex process that includes protein synthesis, folding, secre- tion, and assembly. 1 The PapD-like superfamily of periplasmic chaperones directs the assembly of an array of adhesive surface organelles that mediate attachment to host tissues, a critical early step in the 1,2 Ž . development of disease, Table 1 . The elucidation of the function of PapD-like chaperones has revealed molecular details of a mechanism that has contributed to our understanding both of general principles of organelle development and of the pathogenesis of a variety of bacterial diseases.
The more than 30 known PapD-like chaperones facilitate the assembly of both pilus and non-pilus 2 Ž . organelles Table 1 . Much of our knowledge of the function of these molecules comes from the study of PapD and FimC, which assemble P and type 1 pili, 3 ᎐ 5 Ž . respectively, in E. coli Figure 1 . Genes important Ž . Ž . in P papA᎐papK and type 1 fimA᎐fimH pilus biogenesis are organized in the pap and fim operons, respectively.
1 P pili consist of six structural proteins that interact to form a composite fiber with two subassemblies: a 7-nm-thick pilus rod comprised of PapA subunits arranged in a right-handed helical cylinder, and a thin fibrillum comprised primarily of PapE subunits arranged in an open helical configuration. 6, 7 The PapK adaptor protein links the two subassemblies. 8 The PapG adhesin, a virulence factor in uropathogenic E. coli, is joined to the distal end of the tip fibrillum by the PapF adaptor protein. 8 ᎐ 10 Type 1 pili are also composite fibers consisting of a short tip fibrillum containing the FimH adhesin, joined to the distal end of a pilus rod.
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During pilus biogenesis, the chaperone interacts with each nascently translocated pilus subunit in the Ž . periplasm Figure 1 via a mechanism termed donor Ž . strand complementation see below . This interaction facilitates the release of the subunit from the cytoplasmic membrane in a process that my be driven by its folding directly on the chaperone template. The chaperone remains bound to the folded subunit, stabilizing it and capping its interactive surfaces and thus preventing premature aggregation in the periplasm.
12 ᎐ 16 Each PapD-like chaperone functions in concert with a corresponding outer membrane usher protein. 17 Chaperone᎐subunit complexes are specifically targeted to the usher, which forms a 2᎐3-nm diameter donut-shaped channel, large enough to allow the passage of pilus subunits. 18, 19 In the fim and pap systems, it has been shown that the chaperone᎐ adhesin complex binds most rapidly and tightly to the usher in a process that is thought to initiate pilus assembly. Formation of a chaperone᎐adhesin᎐usher ternary complex induces a conformational change in the usher to an assembly-competent form that is maintained throughout pilus assembly. 20 The usher facilitates chaperone uncapping to expose the interactive surfaces on the subunits that drive their assembly into the pilus. The pilus is thought to grow through the usher as a linear fiber that packages into its final quaternary structure upon reaching the bacterial surface. 2 . This interaction permits subunit folding and prevents both subunit aggregation and premature subunit polymerization. The chaperone᎐subunit complexes are then targeted to an outer Ž . membrane protein pore termed the usher PapC , where the subunits assemble into a pilus. The Ž . chaperone᎐adhesin complex PapD᎐PapG binds most rapidly and tightly to the usher, initiating Ž . Ž . pilus assembly 5 . Assembly of subsequent subunits 6 occurs through a mechanism termed Ž . donor strand exchange 7 , in which the disordered N-terminus of an incoming subunit displaces the G strand of the chaperone in the most recently assembled chaperone᎐subunit complex 1 Ž . Figure 3 . Thus, in the mature pilus, the Ig fold of a subunit is completed by the N-terminal Ž . strand of the adjacent subunit. The rod subunits PapA wind into their final helical form once Ž . outside the cell 8 , a process that is thought to facilitate the outward growth of the pilus. An Ž . electron micrograph of an unwound pilus rod is shown 9 .
The Cpx pathway
In the absence of the chaperone, subunits are unstable and misfold, aggregate, and are proteolytically degraded. OFF-pathway subunits have been shown to activate a two-component signal transduction system known as the Cpx pathway. 12, 21 The Cpx pathway responds to periplasmic stress by inducing the activation of a variety of genes encoding periplasmic pro-Ž . tein folding factors DsbA and prolyl isomerases and Ž . 21 ᎐ 23 periplasmic proteases DegP .
DegP degrades misfolded pilins, preventing their toxic buildup in the periplasm. DsbA catalyzes disulfide bond formation in proteins required for the assembly of P pili. 24 Thus, Cpx is part of a pilus biogenesis sensorrcontrol Ž . circuit Figure 1 that ensures that toxic OFF-pathway products do not accumulate. complete the Ig fold of the subunit by occupying the groove. This donor strand complementation interaction stabilizes the subunit by shielding its hydrophobic core. Indeed, alternating hydrophobic residues in the G strand become an integral part of 1 the hydrophobic core of the subunit. The G strand 1 provides the missing strand of the subunit Ig domain Ž . by interacting with strands A2 also called AЉ and F located on either side of the groove, while the Cterminal carboxyl group of the subunit, at the end of the F strand, is anchored between the conserved Arg and Lys residues 29 in the cleft of the chaperone Ž . Figure 2 . The Ig fold that is produced is atypical since the G strand of the chaperone runs parallel, 1 rather than anti-parallel, to the F strand, as it does in a canonical Ig fold. 27, 28, 30 While stabilizing the subunit and completing its fold, the chaperone simultaneously caps one of its interactive surfaces. Mutational and biochemical studies indicate that the groove of the pilus subunit that participates in donor strand complementation is the same surface that interacts with other subunits in the pilus. 14, 16 Thus, the G 1 strand of the chaperone, by occupying the groove, prevents premature pilus formation in the periplasm.
Donor strand exchange and pilus biogenesis
Ž Pilus subunits have an N-terminal extension residues . 1᎐13 in PapK, for example with a highly conserved alternating hydrophobic motif that has been shown to participate in subunit᎐subunit interactions. 16 This motif is similar to the alternating hydrophobic motif present in the G ␤-strand of the chaperone that 1 participates in donor strand complementation. The N-terminal extension does not contribute to the Ig fold of the subunit, but rather projects away from the rest of the pilin domain where it would be free to interact with another subunit. 28 Based on these observations, we propose that during pilus biogenesis, the N-terminal extension of one subunit displaces the chaperone G strand from its neighboring sub-1 unit in a mechanism termed donor strand 27, 28 Ž . exchange Figure 3 . The pilin domain of the adhesin lacks this N-terminal extension, consistent with its location at the tip of the pilus. 27 The subsequent order of subunits in the pilus may at least in part be determined by the stereochemical complementarity between the N-terminal extension of the subunit and the groove of its neighbor. 27, 28 The known geometry of pilus rods indicates that the Nterminal strand would insert anti-parallel to the F strand of the neighboring subunit, unlike the chaperone G strand, which inserts in a parallel fashion. 27 , 28 1 The mature pilus would thus consist of an array of perfectly canonical Ig domains, each of which contributes a strand to the fold of the preceding subunit to produce the organelle.
Protein folding with a novel twist
Donor strand complementation simultaneously stabilizes the pilus subunit and caps the interactive groove. In addition, donor strand complementation permits subunit folding. In the absence of the chaperone, subunits aggregate in the periplasm and are degraded by the DegP protease. 12 These non-productive interactions are thought to interfere with the proper folding pathway. For example, PapG expressed in the absence of the chaperone in a degP y strain does not fold into a native receptor binding conformation. 12 Therefore, by providing the seventh G strand to complete the subunit Ig fold, the chaperone prevents non-productive interactions, thereby keeping it ON pathway. However, the PapD-like chaperones may play a more active role by providing a structural context for subunit folding. Donor strand complementation might occur either early or late in the folding pathway, but once the subunit is folded, the chaperone remains bound, capping the critical subunit groove. In other words, the chaperone may couple the folding of the subunit with the capping of the groove. Then, during donor strand exchange, the N-terminal extension of the neighboring subunit would replace the G strand of the chaperone in the 1 groove, thus preventing the exposure of the interactive groove at any time during the entire folding and assembly pathway.
␤-sheet formation is thought to be determined in a large part by tertiary context, even at solvent-accessible sites, and not by intrinsic secondary structural preferences. 31 Donation of the G strand of the chap-1 erone may provide the necessary tertiary context for the formation of the G , F, C1 ␤-sheet, 16 which forms 1 half of the immunoglobulin fold of the pilin domain. 27, 28 Indeed, PapD is known to induce the formation of ␤-strands in peptides corresponding to the C-terminal F strands of subunits. 15, 16, 32 During chaperone᎐subunit complex formation, the interaction between the C-terminal carboxyl group at the end of the subunit F strand and the conserved Arg and Lys residues in the chaperone cleft would position the F strand correctly in relation to the chaper-Ž . one G strand during subunit folding Figure 2 . At 1 the same time, this interaction would position the hydrophobic side chains of strand F to allow them to make the appropriate contacts with the alternating hydrophobic residues in the chaperone G strand. 
Cytoplasmic and periplasmic chaperones
The PapD-like chaperones differ in several respects from the DnaJrDnaKrGrpE and GroELrGroES cytoplasmic chaperone systems reviewed in this issue Ž . see preceding paper by Agashe and Hartl as well as in ref 33 . DnaJ and DnaK bind to semiunfolded polypeptides and maintain them in folding-competent conformations by preventing them from engaging in non-productive interactions. DnaJ is thought to be released from the ternary complex, leaving DnaK tightly bound to the polypeptide. GrpE is then thought to facilitate the release of the polypeptide from DnaK, allowing it to fold in solution. In the GroELrGroES system, semi-unfolded or misfolded polypeptides interact with the hydrophobic walls of the GroEL chamber. This is thought to prevent non-productive interactions andror to facilitate the folding of misfolded proteins. 33, 34 Release of the folding-competent polypeptide from the hydrophobic walls allows folding to occur in solution. In contrast, in the PapD-like chaperone system, pilus subunits may fold directly on the chaperone template and remain bound to the chaperone in their fully folded states until they are assembled into a pilus at the usher. Also, the DnaJrDnaKrGrpE and GroELrGroES systems require ATP hydrolysis, while the PapD-like chaperones function in the absence of known cellular energy sources. 35 Finally, the cytoplasmic and periplasmic chaperones differ in how they facilitate folding. Both the DnaJrDnaKrGrpE and GroELrGroES systems appear to prevent or overcome the misfolding of proteins, rather than contribute steric information during substrate folding. 33 PapD-like chaperones, on the other hand, may contribute steric information during the folding of their substrates by providing an integral part of their Ig fold. In this model, the complete information required to produce a correctly folded Ig domain would reside not in a single polypeptide chain but rather in two distinct polypeptides.
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A model for organelle biogenesis?
The various surface organelles assembled by Gramnegative bacteria, including pili, flagella, and other macromolecular structures, have to withstand the considerable forces that they experience in carrying out their functions. A flagellum that breaks apart daring the first stroke is of little use to the cell. A pilus that breaks upon attachment loses its adhesiveness. The proposed pilus structure explains how such a sturdy organelle can be built. The contribution of a portion of the fold from one molecule to another, as in the pilus model, produces a very tight interaction, one that can be repeated over many molecules to produce large structures. Protein polymerization by domain swapping could also lead to the formation of robust macromolecular assemblies. 36 Indeed, any relatively strong interaction between two molecules that can be repeated over a network of molecules in one or more dimensions could be used to build an organelle. Many variations of such interactions could be imagined to produce different structures. Such interactions might play a role in the formation of detrimental structures as well, for example the amyloid fibers that characterize a variety of human diseases.
The coordinated assembly of such organelles, however, requires that the cell allow the subunits to interact only at the site of assembly, since interactions elsewhere might be non-productive. In pilus biogenesis, the PapD-like chaperone assures that subunits interact with each other only at the usher. The FlgN and FliT chaperones have been proposed to function analogously in flagellar biogenesis. 37 Thus, one common function of the growing number of chaperones Ž known to be involved in organelle biogenesis Table  . 2 may be to regulate subunit assembly. By capping the interactive surfaces of subunits until they reach the appropriate assembly site, chaperones would guarantee that organelle assembly proceeds in an orderly fashion.
